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Amending soils with biochar and vermicompost has the potential to provide 
multiple benefits for specialty crops including pathogen suppression and 
increased crop productivity. Oomycete pathogens such as Phytophthora capsici 
can devastate crop fields and they are difficult to control presenting significant 
management challenges for Midwestern growers. Soils amended with a 
microbially-inoculated softwood biochar increased carrot root growth relative to 
the control and corn stover biochar in 2011, while the corn stover biochar also 
increased carrot root growth relative to the control, but only in two varieties. 
Neither biochar treatment influenced carrot growth in 2012. In greenhouse trials, 
vermicompost amendments provided little nitrogen and pepper growth was 
reduced compared to treatments that received Osmocote fertilizer. We observed 
some evidence of nitrogen immobilization in response to both biochar 
amendments, though not enough to influence pepper productivity. Both biochar 
amendments increased soil pH relative to the control, and vermicompost 
increased soil pH relative to biochar treatments in all three soils tested. The 
softwood biochar amendment reduced fluorescein diacetate (FDA) enzyme 
activity alone and in combination with the vermicompost relative to the control in 
all soils, which could have resulted from enzyme sorption. The softwood biochar 
increased shoot length and root dry weight relative to the control in soil P, but not 
in the other two soils. The microbially-inoculated softwood biochar reduced P. 
capsici soil populations in two of the three soils tested, and coupling this biochar 
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with vermicompost resulted in reduced soil P. capsici populations in all three 
soils. The microbial-inoculated softwood biochar also decreased P. capsici root 
infection relative to the control in two of the three soils tested. Coupling biochar 
amendments with vermicompost also reduced P. capsici root infection in two 
soils, with the microbially-inoculated softwood biochar reducing infection in one 
soil, and the softwood biochar reducing infection in the other. These data suggest 
that biochar and vermicompost amendments can alter soil quality, suppress soil-
borne pathogens and increase specialty crop productivity, but benefits depend on 
the type of biochar applied, and soil and environmental conditions. Further 
studies are recommended to determine the mechanisms responsible for 
improved crop growth and oomycete pathogen suppression in response to 
biochar and vermicompost amendments. Understanding how soil properties and 
plant-microbe interactions respond to biochar and vermicompost will provide 
greater insight into the mechanisms regulating these beneficial effects, and 
provide the knowledge needed to develop new management strategies for 
Indiana vegetable growers. Bioassays that identified a virulent P. capsici isolate 
will benefit future studies investigating biocontrol of this important oomycete 







CHAPTER 1. INTRODUCTION 
In developed countries like the United States, consumer demand for local and 
organically grown food continues to increase at an unprecedented rate. Direct-to-
consumer marketing increased from $551 million in 1997 to $1.2 billion in 2007, 
and sales of organic products exceeded $21.1 billion in 2008 (USDA-ARS, 
2010). Fresh fruits and vegetables represent the top selling category of 
organically grown food, accounting for 37 percent of organic food sales (USDA-
ERS, 2009; USDA-ERS, 2010). Demand for organic and chemical-free farming is 
also growing in developing countries, as a result of consumer interest as well as 
lack of access to chemical fertilizers and pesticides (Bacon, 2005). Consumer 
demand for organic products is being driven, at least in part, by concern over the 
industrial model of our current food system. Consumers want food that is grown 
in decentralized supply chains without extensive chemical inputs (Kloppenburg et 
al., 2000). They are also concerned about environmental health and perceive 
food grown in the absence of chemical inputs to have greater nutritional value 
and fewer negative environmental impacts (Magnusson et al., 2003; Yiridoe et 
al., 2005). Much of the growth in organic food markets is occurring in or near 
urban centers providing opportunities for specialty crop growers to create and 
promote stakeholder participation within these markets (Guthman, 2000; 
Kloppenburg et al., 2000; Van der Ploeg, 2009). Research in organic production 
systems will benefit farmers in developed and developing countries by identifying 
improved practices that increase crop productivity and reduce the need for 





1.1 Specialty crop production in Indiana 
There are opportunities for Indiana vegetable growers to benefit from rapidly 
expanding markets for organic produce marketed directly to consumers. 
However, despite close proximity to a number of major metropolitan areas, 
growers in Indiana lag behind surrounding states in taking advantage of organic 
market opportunities. In 2008, only 33 acres of organic vegetables, potatoes and 
melons were harvested from certified organic farms in Indiana. In contrast, 73, 
168, 384, and 1,730 acres were harvested from certified organic farms in 
Kentucky, Illinois, Ohio and Michigan respectively (USDA-NOA, 2010). Slower 
adoption of organic production in Indiana could be the result of fewer research 
and outreach programs designed to guide growers in the selection of sustainable 
organic production practices (Hillger et al., 2009). To help facilitate the adoption 
of organic production practices, federal programs administered through the 
Natural Resource Conservation Service (NRCS) now offer financial incentives for 
transitioning, as well as for practices that are cross-compliant with current 
programs. Yet, limited research has been conducted to identify practices 
uniquely suited to Indiana’s soil and climactic conditions. Additional research is 
needed to identify viable practices and quantify the environmental services 
provided by such practices to help growers qualify for current and future cost-
share programs (Barry Fisher, Indiana NRCS State Agronomist, personal 
communication). Continued research and outreach programs will address the 
needs of Indiana growers and help them meet demand as consumer interest in 
organic markets continues to expand.   
 
1.2 Production challenges 
Some of the biggest challenges facing Midwestern vegetable growers are soil 
degradation and soil-borne pathogens (Leonberger et al., 2013). Years of 
intensive agricultural production has reduced labile pools of soil organic matter, 
and this reduction, along with limited crop rotation, can enhance populations of 
soil-borne pathogens (Bennett et al., 2013; Scott et al., 2013). These pathogens 
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present a multitude of challenges for vegetable growers, because rapid 
infestation can occur throughout large field plots if biotic and abiotic conditions 
are ideal, resulting in complete crop loss (Granke et al., 2012). Pathogen 
infestation is typically greater in compacted, poorly drained soils because many 
soil-borne pathogens possess flagella that allow them to be self-motile in water 
(Erwin & Ribeiro, 1996; Tjosvold et al., 2010). Many of these pathogens present 
long-term challenges for growers because some have become fungicide-
resistant and they can remain dormant in soil for several years making crop 
rotation ineffective (Granke et al., 2012). Amending Midwestern soils with organic 
amendments is one way to rebuild depleted organic matter pools, increase soil 
microbial activity and potentially help suppress soil-borne pathogens. Several 
studies have shown that increasing soil microbial community diversity can induce 
disease-suppressive properties in soils by bolstering microbes that induce 
systemic resistance or suppress soil-borne pathogens and pests via antagonistic 
interactions (Cohen et al., 2005; Jack, 2010; Mazzola, 2004).    
 
1.3 Soil quality 
Soil is the foundation of sustainable crop production and the quality or health of 
the soil impacts crop production and the survival and spread of soil-borne 
pathogens. Soil quality may be defined as “the capacity of a specific kind of soil 
to function, within natural or managed ecosystem boundaries, to sustain plant 
and animal productivity, maintain or enhance water and air quality, and support 
human health and habitation” (Karlan et al., 1997). Farmers and natural resource 
professionals often use the term soil health to describe soil quality. Developing 
plans to manage soil quality can be “complicated by the many physical, chemical, 
and biological factors involved and their varying interactions in time, space, and 
intensity” (Doran & Parkin, 1994), because these factors function together to alter 
soil quality. Soil physical properties influence pore size, aeration and water 
infiltration. Soil chemical properties are pH, EC, cation exchange capacity (CEC) 
and sorption. Soil physical and chemical properties can either benefit or 
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deleteriously impact soil biological properties by affecting nutrient availability, as 
well as soil aeration and pH, altering the structure of flora, fauna and microbial 
communities.   
Soil organic matter is arguably the most critical component of soil quality, as it is 
critical for the maintenance soil physical, chemical and biological properties, and 
it can directly influence agricultural productivity and environmental health. Soil 
organic matter maintains soil tilth, helps reduce nutrient loss, and supports soil 
organisms that regulate nutrient cycling. Soil organic matter is also the largest 
terrestrial store of carbon, making it a key factor in mitigating global climate 
change (Schmidt et al., 2011). However, without regular additions in intensively 
managed production systems, soil organic matter pools become depleted, 
resulting in compaction and anaerobic conditions that favor evolution of nitrous 
oxide, a potent greenhouse gas, as well as proliferation of soil-borne pathogens 
(Altieri, 1999; Six et al., 2002). Research is needed to identify practices that can 
effectively restore soil organic matter and maintain the health and quality of their 
soil to optimize crop production.     
1.4 Vermicompost 
Composting is the recycling of decomposed organic matter and wastes into 
stabilized forms that can be used as soil amendments to increase soil organic 
matter. Compost has also been shown to increase soil microbial populations and 
induce suppression of soil-borne and foliar pathogens in field trials (Abawi & 
Widmer, 2000; Darby et al., 2006; Drinkwater et al., 1995; Perucci, 1990; 
Rotenburg et al., 2005; Stone et al., 2003). Pathogen suppression in these 
studies was thought to have resulted from changes in the soil microbial 
community, including increases in populations of beneficial microbial species with 
antagonistic ability, or those with potential to induce systemic resistance in 
plants. Vermicompost is one type of compost that is receiving increasing 
attention because of its potential to improve soil structure and provide plant 
available nutrients (Abduli et al., 2013; Blouin et al, 2013), and suppress 
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oomycete pathogens (Jack, 2010). Vermicompost is the end product of 
earthworm decomposition of organic residues such as biosolids, animal wastes, 
crop residues and industrial refuse (Atiyeh et al., 2001; Mitchell et al., 1980). 
Vermicomposts provide a slow-release nutrient addition to soils compared to 
inorganic fertilizers and other composted materials, thereby reducing the 
potential for nutrient leaching (Abduli et al., 2013). Vermicompost has been 
shown to improve soil tilth, increase soil porosity, and improve root growth 
(Chaoui et al., 2003; Chen & Aviad, 1990; De Brito et al., 1995; Kashmanian & 
Rynk, 1996). Vermicompost has been shown to suppress oomycete pathogens in 
container systems, and foliar applications of liquid compost extracts potentially 
offer disease suppressive benefits when solid compost applications are not 
feasible (Bonhotal & Jack, 2010; Jack, 2012). However, while most composts 
increase soil organic matter, not all composts induce disease suppression. The 
potential for a compost to induce pathogen suppression depends on the 
feedstock, processing conditions and the particular pathogen (Bonanomi et al., 
2010). Site-specific soil and environmental conditions could also influence 
pathogen dynamics in response to compost amendments. Additional research is 
needed to determine how compost properties influence pathogen suppression, 
and how these amendments interact with resident microbial communities to 
regulate disease suppression in different environments.  
 
1.5 Biochar 
Another soil amendment with potential to improve soil tilth and help mediate soil 
borne and foliar pathogens is biochar. Biochar is a highly stable, carbon-rich 
product produced from pyrolysis, a process of thermally decomposing biomass at 
300 to 600°C under partial or complete exclusion of oxygen, with little CO2 
produced during the production process (Lehmann, 2009; Singh et al., 2010). 
The products currently produced from pyrolysis include solid (biochar), liquid 
(bio-oil), and gas (syngas) bioenergy co-products. Cleaving and polymerization 
reactions occur during pyrolysis that results in the formation of fixed carbon 
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(aromatic) structures that are thermally stable and highly recalcitrant to microbial 
decomposition (Harvey et al., 2012; Spokas et al., 2011). Microbial populations 
have been shown to inhabit biochar micropores thus avoiding predation from 
other microorganisms (Lehmann & Joseph, 2009). Studies investigating the use 
of biochar as a soil amendment have demonstrated that biochar can sorb organic 
chemicals and pesticides, affect soil physical, chemical and biological properties, 
reduce soil-borne pathogens and improve microbial diversity by many potential 
mechanisms (Lehmann et al., 2011; Lehmann & Joseph, 2009; Thies & Rillig, 
2009). In some cases, biochar amendments have also resulted in increased crop 
yields (Laird et al., 2010; Lehmann et al., 2011). Further research on the 
application of biochar as a soil amendment is needed.  
 
Interest in using biochar as a soil amendment is modeled after the discovery of 
small plots of Amazonian Terra Preta soils. These plots have higher soil fertility 
than surrounding soils, which is believed to result from intentional additions of 
ash and black carbon materials from field burnings or “slash and burn” 
agricultural practices (Spokas et al., 2011; Mishra & Ramakrishnan, 1983; 
German, 2003; Kasozi et al., 2010). Interest in biochar is also increasing due to 
its potential to mitigate impacts of global climate change as a result of carbon 
storage in soil following biochar amendments (Kolton et al., 2011). Biochar half-
life is variable, but these amendments have been shown to increase carbon 
sequestration and reduce greenhouse gas (GHG) emissions in multiple studies 
(Harvey et al., 2012; Laird et al., 2009; Lehmann, 2007b). If biochar proves to be 
commercially successful, it could be a valuable soil amendment to improve soil 
and atmospheric conditions.  
 
In areas where biochar can be sourced from local feedstocks, it has potential to 
help address many production constraints faced by crop producers (Lehmann, 
2009). Biochar amendments are well known for their potential to improve soil 
physical, chemical and biological properties, resulting in increased air, water and 
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nutrient availability to the root system, and increased root penetration and growth 
(Jaiswal et al., 2014; Lehmann et al., 2011). Biochar amendments have also 
been shown to induce disease suppression, potentially in response to enhanced 
populations of microbial species known to suppress pathogens and/or induce 
systemic resistance (ISR) (Ameloot et al., 2013; Kim et al., 2007; O’Neill et al., 
2009). However, additional research is needed to determine whether all biochar 
amendments induce pathogen suppression, if suppressive activity is limited to 
certain crops, pathogens or soil conditions, and identify mechanisms that are 
responsible for its suppressive activity, in order to make this a viable strategy for 
crop producers. 
 
1.6 Mechanisms regulating responses to biochar amendments 
Changes in pathogen dynamics and crop productivity resulting from biochar 
amendments are likely to be the result of alteration of soil physical, chemical and 
biological properties. For example, soil pH can alter microbial community 
dynamics which in turn can influence pathogen activity and crop productivity. The 
diversity of soil bacterial communities have been shown to differ by ecosystem 
type, but these differences can largely be explained by soil pH (Fierer & Jackson, 
2006). Extreme acidic and alkaline soil conditions create environments that 
negatively impact microbial metabolic processes, whereas bacterial diversity is 
typically highest in soils with a neutral pH (Lehmann & Joseph, 2009). Biochar 
pH varies depending on feedstock and pyrolysis temperature, but its application 
often alters soil pH regardless of its composition. Biochar amendments generally 
increase soil pH, and this change has been correlated with shifts in the ratio of 
bacteria to fungi, as well as changes in overall soil community composition 
(Lehmann & Joseph, 2009). 
 
Soil bulk density is another factor that can be altered by biochar and could 
influence pathogen dynamics and crop productivity in soil (Lehmann, 2009; Watts 
et al., 2005). Biochar has been shown to reduce soil bulk density, resulting in 
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greater water holding capacity as a result of greater pore space (Lehmann et al., 
2011). Several studies have shown that sandy soils amended with biochar 
experience increases in water holding capacity (Lehmann, 2009; Tryon, 1948). 
Tests from a biochar-amended clay soil in the Amazon showed that less water 
percolated from soil/biochar mixtures than pure soil, and this resulted in 
increased crop growth (Lehmann et al., 2003). Water availability is a major factor 
influencing microbial community composition and activity, and it can also alter 
pathogen dynamics in soil and affect crop productivity. 
 
Biochar amendments also have potential to affect soil aggregation and nutrient 
dynamics which will influence soil biological properties and alter plant growth 
responses. Soil aggregates are affected by the presence of biochar, which 
influences the swelling and shrinking of clay layers influencing the soil’s ability to 
retain cations resulting in enhanced nutrient retention (Lehmann, 2009). Biochar 
will not likely affect aggregation of 2:1 clay layers, but instead soil could be 
affected by the interaction of biochar with soil organic matter since soil organic 
molecules will sorb to biochar particles (Lehmann, 2009; Warnock et al., 2007; 
Yu et al., 2006). Improved aggregation due to the interaction of biochar and 
organic matter could lead to higher rates of water infiltration, but this also could 
lead to higher rates of leaching of soluble and mobile ions such as nitrate from 
the soil (Lehmann, 2009). However, biochar contains many micropores, which 
contributes to nutrient absorption by trapping nutrient-containing water held by 
capillary forces much like soil micropores (Lehmann, 2009; Tseng & Tseng, 
2006). Many studies have reported less leaching of nutrients and pesticides in 
biochar-amended soils (Cabrera et al., 2014). Biochar nutrient sorption presents 
positive and negative impacts for crop production. Crops can benefit from biochar 
sorbing accessible plant nutrients that might otherwise be leached from soils. 
Conversely, biochar sorption of nutrients and pesticides might force vegetable 
growers to increase application rates of these products. Potential for 
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biochar sorption will depend on feedstocks, processing temperatures and surface 
area, as well as the mobility of nutrients and pesticides in soils (Cabrera et al., 
2014).    
 
The size of biochar particles will impact how biochar amendments influence 
water and mineral retention in soils. The high porosity and surface area of 
biochar particles influences chemical properties in soils by allowing both 
hydrophilic and hydrophobic molecules to sorb to biochar depending upon the 
functional groups, with negative surface charges helping retain positively charged 
nutrients (Lehmann, 2009; Liang et al., 2006). Leaching of organic and inorganic 
nutrients sorbed to larger biochar particles may be either reduced or facilitated by 
colloidal transport with small particles as they travel through the soil profile 
(Lehmann, 2009). Biochars with smaller pores will retain more water than larger 
pores, and this can greatly influence microbial community abundance and 
diversity in soil. Biochar’s stability is generally thought to prevent microbial 
species from obtaining carbon from these amendments, but the large internal 
surface area of biochar provides an ideal habitat and protection from predation 
from larger species (Lehmann & Joseph, 2009). These properties have potential 
to make biochar an excellent carrier of microbial species developed for use as 
inoculants (Thies & Rillig, 2009). Carbon dioxide and oxygen will be dissolved in 
pore water and can be “chemisorbed” to biochar surfaces. (Lehmann, 2009). 
Soils that have sufficient oxygen will favor aerobic respiration for energy 
respiration, whereas facultative aerobes will begin to use anaerobic respiration 
as oxygen becomes depleted or unavailable. All of these soil factors are likely to 
be influenced by biochar feedstocks and pyrolysis conditions; impacts of biochar 
amendments on soil properties should be carefully examined before 
recommending these for use as soil amendments.     
 
Changes in soil physical, chemical and biological properties resulting from 
biochar amendments are likely to influence pathogen dynamics in soil. Increases 
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in soil water-holding capacity associated with biochar amendments could 
potentially benefit pathogens with zoospores, such as Pythium and Phytophthora 
(Lehmann & Joseph, 2009; Newsham et al., 1995). However, incorporation of 
biochar into field soils and potting mixes has reduced disease severity of several 
pathogens including Phytophthora (Graber et al., 2010; Kolton et al., 2011; Zwart 
& Kim, 2012). Biochar is unlikely to be a cellular carbon or energy source for soil 
microorganisms once oils or condensates have been decomposed, but it could 
affect the characteristics of soil microbial ecology by changing the physical and 
chemical environment of the soil. For example, the high internal surface area of 
biochar creates a habitat for microbial colonization by sorbing soluble organic 
matter, gases and inorganic nutrients, and providing surface area for microbial 
colonization (Thies & Rillig, 2009). Recent studies suggest that disease-reduction 
in response to biochar amendments could also be attributed to induced systemic 
resistance (ISR) (Ameloot et al., 2013; Elad et al., 2011; Kolton et al., 2011; 
Zwart & Kim, 2012). These authors hypothesize that biochar could stimulate 
populations of beneficial microbial species that induce ISR through various 
mechanisms. Another theory for why biochar may reduce pathogen infestation is 
adsorption of chemical-signaling compounds between plants and pathogens 
(Lehmann et al., 2011). Finally, changes in soil properties resulting from biochar 
amendments may indirectly influence plant health by increasing root growth. 
Increased belowground biomass allows for greater surface area interactions on 
root systems to host microbial communities, and these healthier root systems 
have increased exudates which also bolster microbial communities in soil and 
provide positive feedback effects for plants. Greater root growth could also be 
due to plant growth promoting compounds such as ethylene found in residual 
organic tars on biochar surfaces and within pore spaces (Graber et al., 2010). 
Ethylene is an important plant hormone that has been shown to adversely affect 
microbial growth at high concentrations, whereas at low concentrations it is 
possible that it can promote the growth of indigenous microbial populations  
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(Graber et al., 2010; Lehmann & Joseph, 2009; Spokas et al., 2010). Clearly 
more research elucidating mechanisms of pathogen suppression by biochar is 
needed.     
 
1.7 Conclusions and research goals 
Vegetable growers need sustainable solutions to improve soil quality and 
produce healthy crops. Vermicompost and biochar are two amendments with 
potential to serve as key components of a multifaceted soil amendment portfolio 
for improving soil quality, increasing crop yields and mitigating pathogen 
infestation in Midwestern soils. These amendments could provide a novel 
approach to mitigate difficult pathogens that have eluded established organic 
production practices. However, they have not been tested in Indiana, nor have 
they been tested for their efficacy to control P. capsici, a problematic pest 
impacting a wide variety of vegetable crops. The trials outlined in this thesis were 
conducted to determine whether vermicompost and biochar amendments could 
address production challenges facing Indiana vegetable growers by improving 
soil quality and suppressing soil-borne and foliar pathogens. Carrot and pepper 
were used as model crops in these studies because of their significance in 
organic and local direct-market production systems. Field trials with carrots were 
conducted to determine whether commercially available biochar amendments 
could increase germination, help carrots compete with weeds, reduce disease 
incidence and improve overall crop performance. Greenhouse trials were 
conducted to determine whether biochar and vermicompost amendments could 
suppress soil-borne pathogens in pepper using soil collected from fields with 
recent infestations of P. capsici. A virulent isolate of P. capsici was isolated from 
these soils to develop an inoculum that can be used to facilitate studies on the 
dynamics of this key pathogen in future biocontrol studies.   
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CHAPTER 2.  BIOCHAR IMPACTS ON CARROT PRODUCTION 
2.1 Introduction 
Carrot (Daucus carota) is one of the most important organic vegetable crops with 
13% respectively in organic production versus just 3% for vegetables overall 
(USDA-NASS, 2007). In 2011, 12,080 acres of carrots were grown using certified 
organic practices nationwide (USDA-ERS, 2011). Carrots are not grown on a 
large scale in Indiana, but they are an important component of small-scale 
diversified specialty crop operations. Growing carrots is challenging, however, 
due to slow germination rates, intense competition with weeds, and the potential 
for compacted poorly drained soils to restrict taproot growth (Chellemi, 2002; 
Gevens et al., 2007; Tournas, 2005). A variety of pathogens can also negatively 
impact carrots including Alternaria leaf blight (Alternaria dauci), root-knot 
nematodes (Meloidogyne incognita and Meloidogyne hapla), and Cercospora 
leaf blight (Cercospora carotae). In addition, bacteria blight (Xanthomonas) was 
recently reported as a new challenge for Indiana carrot growers (du Toit et al., in 
press). Few sustainable alternatives are available to control these pests in 
organic production systems. 
 
Compost and biochar may help mitigate some of the production challenges 
facing Indiana carrot growers. Compost is well known for its soil quality benefits 
including decreasing soil bulk density and increasing water holding capacity, 
nutrient input and retention, and biodiversity, which is mostly in response to 
increased soil organic matter (Aggelides et al., 2000; Giusquiani et al., 1995). 
Biochar is another amendment that is receiving much attention for its potential to 




extended periods of time (Downie et al., 2009; Lehmann et al., 2006; Lehmann & 
Joseph, 2009). Both of these amendments can increase soil pH, which alters the 
solubility and availability of trace elements in soils (Lehmann & Joseph, 2009; 
Öborn, et al., 1995). Most crops uptake nitrate over ammonium, and microbial 
conversion of ammonium to nitrate occurs rapidly in near neutral pH soils. 
Changes in soil physical and chemical properties as a result of these 
amendments has potential to increase carrot root growth, particularly in areas 
with compacted soils and low pH. 
 
Compost and biochar also have potential to alter soil microbial dynamics and 
influence pathogen dynamics in soil. Compost has been shown to increase soil 
microbial diversity and promote disease suppression by fostering ecologically 
favorable conditions for beneficial soil microorganisms in multiple studies (Abawi 
& Widmer, 2000; Darby et al., 2006; Mazzola, 2004; Stone et al., 2003). Biochar 
amendments have also been shown to suppress pathogens in multiple studies 
(Ameloot et al., 2013; Elad et al, 2011; Kolton et al., 2011). Beneficial 
microorganisms can suppress pathogens by preventing chemical signaling 
between crops and pathogens, thus preventing pathogens from obtaining 
nutrients from root exudates, and disrupting pathogen life cycles within soil 
ecosystems (Raaijmakers et al., 2009). Disease-reduction could also be 
attributed to induced systemic resistance (ISR) either from direct interaction of 
the crop and amendment,or from changes in soil microbial ecology attributed 
these amendments (Elad et al., 2011; Kolton et al., 2011).   
 
The objectives of this study were to: 1) determine whether two commercially 
available biochar amendments could improve carrot performance in field trials, 
and 2) determine whether these amendments could influence pathogen severity 






2.2 Materials and Methods 
2.2.1 Field Trials 
Field trials were conducted at the Meigs Horticulture Research Farm (40.1722° 
N, 86.5303º W), a subsection of Throckmorton Purdue Agriculture Center in 
Tippecanoe County, Indiana. Experiments were conducted in summer 2011, and 
repeated in summer 2012. In 2011, the mean annual precipitation at this site is 
34 inches (864 mm) and the mean summer temperature varies from 71 to 73 °F 
(21.7 to 22.8 °C) with mean maximum temperatures reaching 72.7 F (22.6 °C) in 
July. In 2012, the mean annual precipitation at this site is 40 inches (1016 mm) 
and the mean summer temperature varies from 71 to 80 °F (21.7 to 26.7 °C) with 
mean maximum temperatures reaching 80.0 F (26.7 °C) in July. Soils at this site 
are from the Drummer soil series (fine-silty, mixed, mesic Typic Endoaquoll) and 
contain 2.9-3.6% organic matter with pH in the range 6.6-7.2. Chicken manure 
compost (Ohio Earth Food) (4-3-4) was broadcast over the entire experimental 
area at a rate of 2 tons acre-1 and incorporated with a disk prior to planting. Plots 
were arranged in a randomized complete block design with four replicates, and 
treatments consisted of two commercially available biochar amendments, and a 
control (C) that received no biochar amendment. Each plot was approximately 
2.13 m X 1.52 m, and spacing between each plot was 0.6 m for a total plot area 
of 11.58 m X 7.0 m.   
  
Biochar (B) was obtained from Buy Activated Charcoal (Crawford, NE). It was 
produced from a corn stover parent material, but exact production parameters 
were not supplied by the manufacturer. The biochar was in granular form and 
broadcast in the plot at a rate of 10 tons ha-1 based on manufacturer’s 
recommendation. Selected properties for the biochar are provided in Table 2.1 
(analyzed January 2014 by Midwest Laboratories in Omaha, NE).   
Biochar (B+) was also obtained from Buy Activated Charcoal (Crawford, NE). It 
was a microbially-inoculated product produced from a soft wood parent material. 




biochar was ground and formed into pellets for application purposes and was 
broadcast at a rate of 2 tons ha-1 based on manufacturer’s recommendation. 
Selected properties for the biochar are provided in Table 2.1 (analyzed March 
2011 by A&L Great Lakes Laboratories, INC. in Fort Wayne, IN).  
 
Table 2.1. Selected properties for the granular biochar (B) and microbially-
inoculated biochar (B+) evaluated in carrot field trials. 
  
– represent values not provided in analyses.   
 
The plots were split and planted with one of four varieties. Seed from Bolero, 
Heritage and Sugarsnax were obtained from Dr. Phil Simon (USDA-ARS 
Vegetable Crops Research Lab, Madison, WI), and Dragon was obtained from 
Seed Savers Exchange (Decorah, IA). Carrots were direct-seeded into field soil 
in raised beds at approximately 0.5”-1” depth. Seeds were planted in early to 
mid-June in both years. Plants were monitored daily and watered by drip 
irrigation as needed. Plots were thinned to 60 plants per meter at two and four 
weeks after planting. A hand cultivator was employed to control weeds as 
needed. 
 
Carrot germination and height and width of aboveground biomass were recorded 
approximately eight weeks after planting. Mean germination values were 
calculated from total germinated carrots per plots. Mean height and width 
measurements were taken from three randomly selected plants per plot. Carrot 
above and belowground biomass was harvested approximately 14 weeks after 
planting. Shoots and roots were separated and weighed in the field. Foliar and 





(%) K (%) Mg (%) Ca (%) pH
B 65.4 79.1 0.43 0.59 0.13 3.28 8.4




Data were analyzed using standard analyses of variance (ANOVA) procedures in 
SAS (SAS Institute Inc., Cary, NC, USA) using PROC GLM. Means were 
separated using Fisher’s protected least significant difference (LSD) (α = 0.05).   
 
2.3 Results 
2.3.1 2011 Field Trial 
Neither biochar amendment influenced carrot germination (Table 2.2) or shoot 
biomass in any carrot variety tested (data not shown). Carrots growing in plots 
receiving the microbially-inoculated (B+) biochar amendment had greater root 
biomass relative to the control in all carrot varieties tested (Figure 2.1). In 
contrast, carrots amended with biochar (B) had greater root biomass relative to 
the control in cv. Dragon and Heritage, but not Bolero and Sugarsnax. Root 
biomass of Bolero, Dragon, and Heritage grown in plots receiving microbially-
mediated biochar was greater than those receiving the biochar (b) amendment, 
but there was no difference between these treatments in cv. Sugarsnax. Foliar 
and soil-borne disease incidence was not observed, and thus disease ratings 
were not included in the analyses.  
 
Table 2.2. 2011 Germination of carrot in response to biochar amendments. 
Treatments include control (C), granular biochar (B) and microbially-inoculated 
biochar (B+).   
 
Values in parenthesis are one standard error. Means that do not share a 
common letter with the plot are significantly different for that parameter (p ≤ 
0.05).   
 
Treatment Bolero Dragon Heritage Sugarsnax
C 9.25 (1.70)  9.75 (2.02)  14.75 (4.03)  24.75 (5.03) 
B 12.25 (2.66)  12.25 (1.93)  8.25 (1.65)  17.50 (3.41) 
B+ 9.75 (1.60)  15.50 (3.53)  7.00 (1.92)  18.50 (4.01) 






Figure 2.1. 2011 Mean shoot (above axis) and root (below axis) fresh biomass of 
four carrot varieties in response to biochar amendments. Treatments include 
control (C), granular biochar (B) and microbially-inoculated biochar (B+). Means 
that do not share a common letter with the plot are significantly different for that 
parameter (p ≤ 0.05). Bars are one standard error.   
 
2.3.2 2012 Field Trial 
In 2012, neither biochar amendment had a significant effect on any of the 
parameters tested for any carrot variety (Table 2.3). Foliar disease symptoms 
were not observed and therefore were not included in the analyses. Soil-borne 
disease symptoms were observed at harvest in 2012, but they were localized to 
areas that experienced standing water due to damaged irrigation lines and thus 












Table 2.3. 2012 carrot seed germination, shoot wet weight, root wet weight, shoot height and shoot width in response to 
biochar amendments. Treatments include control (C), granular biochar (B) and microbially-inoculated biochar (B+).   
 









Biochar is receiving a lot of attention for its potential to alter soil properties and 
increase crop productivity. In our trial, carrot crop productivity was increased in 
2011 in response to biochar amendments but not in 2012. The lack of conclusive 
results in 2012 could have resulted from a severe hailstorm that damaged plants 
and the drip irrigation system. Holes in the drip tape caused elevated standing 
water in some plots which likely impacted soil aeration and potentially allowed for 
proliferation of soil-borne pathogens. Moderate disease symptoms were noted on 
the crown of several plants in flooded rows, whereas other plants were 
completely dead in water-logged portions of plots. Disease symptoms were likely 
the result of standing water reducing plant photosynthetic area and soil available 
oxygen required for nutrient uptake.   
 
While additional field studies are recommended to confirm results observed in 
2011, these trials indicate that commercially available biochar amendments have 
potential to increase carrot root growth in Indiana production systems. This 
corresponds with other studies that have observed greater root growth in 
response to biochar amendments (Laird et al., 2010; Lehmann et al., 2003; 
Lehmann et al., 2011; Watts et al., 2005). Increases in carrot root biomass 
observed in 2011 could be attributed to beneficial impacts of biochar 
amendments on soil physical properties. Biochar amendments have been shown 
to reduce soil bulk density and increase soil aeration in several studies (Laird, 
2008; Thies & Rillig, 2009). Reducing soil bulk density and increasing soil 
aeration has been correlated with greater root penetration (Lehmann & Joseph, 
2009; Tryon, 1948). Carrot crops root to lower soil levels to access nutrients and 
water; therefore improvements in soil aeration and root penetration are likely to 
increase root growth. Additionally, biochar has been shown to improve water 
infiltration and drainage in compacted soils (Lehmann & Joseph, 2009; Tryon, 




Changes in soil chemical properties resulting from biochar amendments could 
also have contributed to increased carrot root growth in 2011. Soils in Indiana 
often require application of lime to raise soil pH to neutral levels where nutrients 
are most accessible to plants. Application of biochar has been shown to increase 
soil pH and could potentially reduce costs associated with lime application 
(Lehmann et al., 2006; Novak et al., 2009; Thies & Rillig, 2009). In addition, 
biochar could present a long term solution to maintaining neutral pH because of 
its stability in soil. Increasing pH can reduce the solubility of metals that are toxic 
to plants, and improve beneficial microbial consortia that function optimally in 
non-acidic, near neutral pH values (Park et al., 2011; Thies & Rillig, 2009). Many 
studies have documented the beneficial impacts of microbial diversity and 
enhanced activity for plants, and beneficial plant-microbe interactions have been 
demonstrated in response to biochar amendments (Kolton et al., 2011; Rondon 
et al., 2007; Thies & Rillig, 2009). Finally, biochar has a large negatively charged 
surface area which leads to increased cation exchange capacity and increased 
sorption of positively charged macro nutrients, which stay in the soil profile to 
benefit plant nutrient uptake (Glaser et al., 2002; Laird, 2008; Lehmann & 
Joseph, 2009).   
 
Beneficial impacts of biochar amendments on crop productivity are likely to 
depend on site specific environmental conditions and soil properties, including 
resident soil microbial communities, crop species and variety, and biochar 
properties (Laird, 2008; Lehmann et al., 2011). In our trial, the microbially-
inoculated biochar (B+) amendment increased root biomass in all carrot varieties 
in 2011. The Biochar (B) amendment also increased carrot root growth, but only 
in two of the varieties and increases in root growth were lower than those 
observed in response to the microbially-inoculated biochar (B+). Greater 
increases in root biomass in response to the biochar (B+) could be attributed to 
the presence of beneficial microbes introduced with the amendment. However, 




when applied directly from the company, as well as after it was pasteurized to 
eliminate microbial activity (Young et al., data not published). Differences in root 
growth in response to the biochar amendments could also be attributed to 
differences in feedstock and production parameters. Biochar properties are 
known to vary significantly given feedstocks and production parameters and 
these properties influence how these amendments alter soil quality and crop 
productivity (Cabrera et al., 2014; Lehmann & Joseph, 2009; Spokas et al., 
2011). For example, feedstock and pyrolysis conditions can impact pore size 
which can influence sorption and microbial colonization (Cabrera et al., 2014; 
Lehmann & Joseph, 2009). Production parameters for biochar (B) are unknown 
due to proprietary reasons, so impacts related to pyrolysis temperatures between 
these biochars cannot be assessed. However, nutrient differences between 
these biochars were apparent which could have impacted their activity. Total N in 
the biochar (B+) was 1.87%, whereas it was 0.48% in biochar (B). Finally, the 
particle size of the biochar (B) was much greater than biochar (B+) which could 




Our study indicates that biochar has potential to improve soil quality and increase 
vegetable crop productivity in Indiana production systems. However, our results 
indicate that benefits are likely to depend on the type of biochar applied. Site-
specific soil and environmental conditions, as well as crop species and variety 
could also influence results. Additional studies are recommended to confirm 
results observed in our study and determine how various parameters might 
contribute to the results. For example, investigating how biochar feedstocks, 
production parameters, and/or microbial inoculum contribute to improved crop 
yield. Determining how specific soil characteristics such as organic matter, bulk 
density, infiltration, water-holding capacity, nutrient availability and pH are 




factors crop performance would also be beneficial. Understanding how individual 
biochars, including those inoculated with beneficial microbes, interact with 
existing soil microbial consortia would also be helpful to determine how these 
amendments alter soil microbial processes and regulate plant productivity. 
Studies employing variable rates of individual biochar amendments in multiple 
crop production systems would also be valuable to optimize use of these 
amendments. Finally, long-term field studies are needed to examine the legacy 






CHAPTER 3. BIOCHAR AND P. CAPSICI IN PEPPER 
3.1 Introduction 
Indiana vegetable growers are well poised to benefit from the rapidly expanding 
market for food grown locally using environmentally friendly farming practices. 
However, they often lack effective and sustainable disease management 
practices for a variety of pathogens, resulting in reduced productivity and profit 
margins. For example, bell pepper (Capsicum annuum) is an economically 
important crop for direct-market vegetable producers, but like many vegetables, it 
is susceptible to Phytophthora blight, a disease caused by the soil-borne 
oomycete pathogen Phytophthora capsici (P. capsici) (Hausbeck & Lamour, 
2004). Transportation in irrigated surface water results in rapid movement of 
inoculum from infested plants causing widespread infection in crop fields (Bowers 
et al., 1990; Erwin & Ribeiro, 1996; Granke et al., 2012; Halterman & Gevens, 
2013; Larkin et al., 1995). Under ideal environmental conditions Phytophthora 
blight can result in complete crop loss.  
 
Phytophthora capsici is classified as an oomycete, which are saprophytic and 
pathogenic organisms that were once classified as fungi, but were reclassified as 
stramenopiles due to their cell walls being composed of cellulose instead of chitin 
(Cavalier-Smith, 2001; Erwin & Ribeiro, 1996). P. capsici reproduces by both 
sexual and asexual means (Ristaino & Johnston, 1999). P. capsici is a 
heterothallic oomycete requiring A1 and A2 compatibility types to complete the 
sexual stage. Parent isolates produce both male (antheridium) and female 
(oogonium) gametangia, and the antheridium is amphyigynous in this species 
(Hausbeck & Lamour, 2004; Ristaino & Johnston, 1999). Meiosis occurs within 
24 
 
the gametangia, and plasmogamy and karyogamy result in the formation of the 
overwintering oospores of the pathogen (Ristaino & Johnston, 1999). Oospores 
may germinate directly into a germ tube or indirectly germinate to give rise to 
sporangia that give rise to zoospores, which can move readily under saturated 
conditions and infect roots or aboveground plant biomass (Ristaino & Johnston, 
1999).   
 
Disease symptoms typically include black or brown roots and crowns, wilted 
plants, water-soaked lesions on fruit, stem and leaves, and a white, powdery 
layer of spores on fruit (Hausbeck & Lamour, 2004). Infection of the stem near 
the soil line is common in pepper plants. Stem lesions are typically dark, water-
soaked circular lesions that turn from brown to black. Infection results in wilting, 
stunting and eventually plant death. Root rot and foliar blight of peppers is also 
common with this pathogen, and leaves typically exhibit water soaked lesions 
that can become tan in color with white-powdered, moldy growth (Erwin & 
Ribeiro, 1996). Roots are typically stunted and turn brown to black. Water-
soaked lesions occur on the fruit with white to gray mold, then fruit becomes dry 
and sunken, and turns dark in color while often remaining attached to the stem 
(Erwin & Ribeiro, 1996).   
 
Currently, the most effective strategies for managing Phytophthora blight include 
cultural practices that reduce high moisture conditions in soil, planting cultivars 
with disease-resistance, and monitoring P. capsici propagule numbers and 
applying conservative fungicide applications to prevent fungicide resistance 
(Ristaino & Johnston, 1999). However, these strategies are becoming 
increasingly less effective. Phytophthora capsici frequently develops virulent 
races that can overcome resistance in crop varieties (Ristaino et al., 2006). 
Fungicides are becoming less effective for control of P. capsici in conventional 
systems because of increases in fungicide resistant populations (Granke et al., 
2012; Hausbeck & Lamour, 2004; Kousik et al., 2011; Kousik et al., 2012; 
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Ristaino & Johnston, 1999). In organic systems, copper products can provide fair 
control of this pathogen, but these products are contact, not systemic, and must 
be applied often resulting in the build-up of residues that negatively impact soil 
quality (Eijsackers et al., 2005). Cultural practices for controlling oomycete 
pathogens such as P. capsici can also be difficult to implement due to the 
pathogen’s polycyclic life cycle and broad host range. For example, crop 
rotations are not effecting in controlling P. capsici because the pathogen can 
overwinter and potentially remain dormant in soils for up to ten years (Granke et 
al., 2012b; Hausbeck & Lamour, 2004).   
 
Application of biochar and vermicompost amendments are an alternative strategy 
that might help to control oomycete pathogens like P. capsici. These 
amendments have been shown to suppress oomycete pathogens in previous 
studies (Ameloot et al., 2013; Elad et al., 2011; Jack, 2010; Zwart & Kim, 2012). 
However, the mechanisms regulating disease suppression in response to these 
amendments is unclear. Reductions in disease incidence could be due to their 
beneficial impacts on soil chemical and physical properties. Compacted soils 
restrict root growth and prevent water infiltration which can exacerbate infection 
by oomycete pathogens. Vermicompost is well known for its potential to reduce 
bulk density and increase soil water holding capacity, as well as increase nutrient 
input and retention, and biodiversity (Aggelides et al., 2000; Giusquiani et al., 
1995). Biochar is also becoming increasingly well known for its potential to 
improve similar soil quality characteristics (Downie et al., 2009; Lehmann et al., 
2006; Lehmann & Joseph, 2009). Both of these amendments also influence soil 
chemical properties by changing soil pH, which influences the solubility and 
availability of trace elements in soils, and could affect pathogen dynamics 
(Lehmann & Joseph, 2009; Öborn, et al., 1995). 
 
Disease suppression in response to these amendments could also result from 
biocontrol activity, whereby beneficial soil microorganisms outcompete or directly 
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inhibit pathogens through various mechanisms (Abawi & Widmer, 2000; Darby et 
al., 2006; Mazzola, 2004; Stone et al., 2003). For example, it has been 
suggested that beneficial microorganisms can prevent chemical signaling 
between crops and pathogens, thus preventing pathogens from obtaining 
nutrients from root exudates, and disrupting pathogen life cycles within soil 
ecosystems (Raaijmakers et al., 2009). Other potential mechanisms responsible 
for disease-reduction from these amendments has been attributed to microbial-
mediated biocontrol mechanisms associated with antibiosis, parasitism, 
competition for nutrients or induced systemic resistance (ISR) (Elad et al., 2011; 
Jack, 2010; Kolton et al., 2011). Antibiosis is a form of biocontrol in which a 
microorganism produces an antibiotic toxic to plant pathogens, whereas 
parasitism is a form of biocontrol in which a microorganism consumes a fungal or 
oomycete pathogen by puncturing the cell wall of its hyphae (Jack, 2010). 
Competition for nutrients among microbial communities presents another form of 
biocontrol in which a microorganism consumes nutrients thus making them 
unavailable for pathogens. Induced systemic resistance is generally thought to 
result from the presence of beneficial microbes or their products in the plant 
rhizosphere, which trigger a defense response in plants. Pathogen suppression 
has also been attributed to residual organic tars in the biochars that contain 
compounds such as ethylene that are known to adversely impact microbial 
growth at high concentrations (Graber et al., 2010). However, it is possible that 
beneficial microbial populations increase when these compounds are found at 
lower concentrations in tar residuals associated with biochar, and these microbes 
contribute to pathogen suppression through biocontrol mechanisms (Graber et 
al., 2010; Spokas et al., 2010). Further research is needed to determine whether 
these amendments can suppress pathogens in multiple soil and crop systems 
and identify the mechanisms responsible to develop effective disease control 




The objectives of this study were to: 1) determine whether vermicompost and two 
commercially available biochar amendments could suppress P. capsici and 
improve pepper performance in field soils infested with P. capsici, 2) determine 
the impact of these amendments on soil nitrogen availability and microbial 
activity and evaluate correlations between these properties and pathogen 
suppression and crop productivity, and 3) determine whether soil type would 
influence potential impacts of these amendments on soil characteristics, 
pathogen suppression and crop performance.  
 
3.2 Materials and Methods 
3.2.1 Soil 
Greenhouse trials were conducted using soil collected from three farms with 
recent outbreaks of Phytophthora blight. One soil was collected in the spring of 
2012 from a field in Middletown, IN where pumpkins were grown the previous 
season. The field where this soil was collected is located at latitude: 40.082252 
and longitude: -85.502976, and represents a well-drained Wawaka (W) loam soil. 
The other two soils were collected in the fall of 2012 from farms near Vincennes, 
IN and were previously growing pumpkin and watermelons. The field that grew 
pumpkin is located at latitude: 38.480717 and longitude: -87.612167 and 
represents a poorly drained Ayrshire and Zipp (AZ) loam soil. The field that grew 
watermelon was located at latitude: 38.471803 and longitude: -87.625318 and 
represents a poorly drained Ayrshire and Conotton (AC) clay loam soil. After 
collection from the field, the soils were stored at 4C to reduce biological activity. 
 
3.2.2 Experimental Design and Amendments 
Soil from each location was mixed and distributed in 10 cm pots (0.5 L), and 
subject to the following treatments: i) untreated control (C) ii) soil pasteurization 
with no amendment (P) iii) ground biochar (B) iv) microbially-inoculated ground 
biochar (B+) v) vermicompost (V) vi) vermicompost with ground biochar (VB) and 
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vii) vermicompost with microbially-inoculated ground biochar (VB+), each with 
five replicates per treatment. Plots were arranged on a bench in the greenhouse 
in a randomized complete block design. Pots were contained in 8” circular trays 
and sub irrigated with tap water every other day for 30-45 seconds to obtain 
approximately equal water volume per tray. The greenhouse maintained a mean 
temperature of 24 °C. Two weeks after soil treatment, ten-week old pepper 
seedlings were transplanted into each pot. All treatments except those receiving 
vermicompost amendments, received an application of Osmocote (Scotts 
Miracle-Gro, Marysville, Ohio), a commercial, slow release fertilizer having an 
analysis of 19-6-12 (percent N, P2O5 and K2O, respectively). Osmocote was 
applied at a rate of 3 g L-1 soil (approximately 1.5 g per 10 cm pot) immediately 
after pepper plants were transplanted, and then received overhead irrigation for 
approximately 5 s to help solubilize the fertilizer.   
 
Ground biochar (B) was obtained from Diacarbon Energy Inc., and applied to soil 
at a rate of 3% (w/v). It was produced from a softwood parent material which was 
pyrolyzed for 1 h at temperatures between 450 °C and 550 °C. The biochar was 
ground and sieved to create particle sizes of 4 mm. Selected properties for the 
biochar are provided in Table 3.1 (analyzed December 2012 by A&L Great Lakes 
Laboratories, INC. in Fort Wayne, IN). 
 
Biochar (B+) was also obtained from Buy Activated Charcoal (Crawford, NE) and 
applied to soils at a rate of 3% (w/v). It was a microbially-inoculated product 
produced from a soft wood parent material. It was pyrolyzed for 1 h between 
temperatures of 550 °C and 600 °C. The biochar was ground and formed into 
pellets for application purposes and amended with a mixture of beneficial 
microbes. Selected properties for the biochar are provided in Table 3.1 (analyzed 




The vermicompost (V) was obtained from Nature’s Way (Seymour, IN). Worm 
castings were produced from worms consuming a diet of grains and peat moss. 
Vermicompost was applied at a rate of 50 tons ha-1. Selected properties for the 
vermicompost are provided in Table 3.1 (analyzed January 2014 by Midwest 
Laboratories in Omaha, NE).   
 
3.1. Selected properties for the ground biochar (B), microbially-inoculated  
biochar (B+) and vermicompost (V) evaluated in this study. 
 
– represent values not provided in analyses.   
 
 
3.2.3 Pepper Transplants 
California Wonder bell pepper (Capsicum annuum) seeds were obtained from 
Sustainable Seed Company (Covelo, CA). Seeds were surface sterilized in 25% 
sodium hypochlorite solution containing Tween-20 (two drops per 100 ml). Seeds 
were placed in a beaker with above solution, stirred for 30 minutes on a magnetic 
stir plate, and then triple-rinsed in deionized water. Seeds were placed on sterile 
(autoclaved) paper towels within a laminar flow to air dry for 30 minutes, then 
transferred to a conical tube and stored at 4 °C until planting. Seeds were 
planted in plastic trays, each containing 72 cells in a Fafard Super-Fine 
Germinating Mix (Conrad Fafard Inc., Agawam, MA) consisting of 65% Canadian 
sphagnum peat moss, 20% perlite and 15% vermiculite. Trays were transferred 
to a mist bench before emergence where they received 4 s of mist every 20 
minutes that consisted of tap water containing the following (in mg L–1) with each 
misting event: 25.6 nitrogen, 1.3 phosphorus, 3.02 potassium, 97.3 calcium, 32.5 
magnesium, 0.021 boron, 0.028 copper, 0.235 iron, 0.169 manganese and 0.011 
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molybdenum with a mean temperature of 23 °C. Between seven to ten days after 
planting, pepper plants were thinned to one plant per cell. After 14 days of mist, 
peppers were transferred to the greenhouse where they were watered alternately 
with clear water and fertilizer water every other day for six weeks. Fertilizer water 
contained acidified water supplemented with a combination of two water-soluble 
fertilizers (3:1 mixture of 15N–2.2P–12.5K and 21N–2.2P–16.6K, respectively; 
The Scotts Co., Marysville, OH) to provide the following (in mg/L): 200 N, 26 P, 
163 K, 50 Ca, 20 Mg, 1.0 Fe, 0.5 Mn and Zn, 0.24 Cu and B, and 0.1 Mo. Nitrate 
form was 76% of nitrogen provided. Irrigation water was supplemented with 93% 
sulfuric acid (Brenntag, Reading PA) at 0.08 mL/L to reduce alkalinity to 100 
mg/L and pH to a range of 5.8 to 6.2.   
 
3.2.4 Plant Productivity Assays 
Leaf chlorophyll was determined prior to harvest using a SPAD meter (SPAD-
502, Minolta Camera Co. Ltd., Japan). Measurements were made on three 
leaves per plant, and two measurements were taken per leaf. Reported values 
represent the mean of six measurements. Pepper plants were harvested 14 days 
after transplanting into amended pots. Roots were rinsed under tap water to 
remove all adhering soil, and roots were rated for root vigor using a 0-8 scale 
with 0 representing vigorous roots systems and 8 representing total death (Figure 
3.1). Above and below ground biomass (cm) were determined and reported as 
mean values of five replicates. Individual plant root subsamples (wet weight, 5 g) 
were collected using aseptic techniques and stored at 4 °C for laboratory 
analysis. Remaining biomass was separated and oven-dried at 60 °C for 48 
hours. Approximately 75 g of soil remaining in each greenhouse pot was 





Figure 3.1. Harvested and rinsed Capsicum annuum plants following biochar (B) 
treatment in soil W.   
 
 
3.2.5 Soil Assays 
Prior to analysis, soil samples were thawed, dried, ground and sieved to 2 mm 
for all assays except plate counts in which field moist soil was used. To 
determine plant available nitrogen, soil extracts were created by mixing 5 g dry 
weight soil in 12.5 mL of 1.0 mol L-1 KCl. Soil extracts were shaken for 30 
minutes at 350 rpm, then filtered with 12.5 cm qualitative filter paper (Dot 
Scientific Inc., Murton, Michigan), and spectrophotometrically analyzed for NO2-
N, NO3-N and NH4-N concentrations using a SEAL AQ2 (SEAL Analytical Inc., 
Mequon, Wisconsin). Soil microbial activity was estimated using a fluorescein 
diacetate [3’, 6’-diacetylfluorescein (FDA)] enzyme assay using procedures 
described in Green et al. (2006). Oomycete pathogen (Phytophthora and 
Pythium) populations were estimated using serial dilutions plated on semi-
selective PSSM agar (Mazzola et al., 2001). Serial dilutions of 10-1 and 10-2 were 
obtained from mixing 5g wet soil samples with 25 ml of deionized water. 100 ml 
of solution from each serial dilution was plated onto semi-selective PSSM agar 
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with a sterile bent-glass rod. Root infection was estimated using 10 root cuttings 
(3-5 mm) plated on semi selective PSSM agar and determining the percentage of 
root cuttings that exhibited mycelial growth 48 hours after plating. Soil acidity 
(pH) and electrical conductivity (EC) were determined following a protocol 
outlined in Conyers and Davey (1998).  
 
Data were analyzed using standard analyses of variance (ANOVA) procedures in 
SAS (SAS Institute Inc., Cary, NC, USA) using PROC GLM. Means were 
separated using Fisher’s protected least significant difference (LSD) (α = 0.05). 
Data were tested for normality and heterogeneity of variance, and square root, 
arcsine or log of the original values transformed as needed to comply with the 
assumptions of ANOVA; however, actual means are presented in tables.   
 
3.3 Results 
3.3.1 Pepper Productivity 
Niether biochar treatment influenced SPAD values relative to the control in soils 
AZ and AC. Biochar (B+) treatment had lower SPAD values relative to the control 
and pasteurized treatment in the W soil (Table 3.2). In contrast, all vermicompost 
treatments (V, VB and VB+) had SPAD values that were lower than the control, 

















Table 3.2. Mean SPAD values for Capsicum annuum. Soils examined include 
Wawaka (W), Ayrshire and Zipp (AZ) and Ayrshire and Conotton (AC). 
Treatments include control (C), pasteurized (P), ground biochar (B), microbially-
inoculated biochar (B+), vermicompost (V), vermicompost+ground biochar (VB) 
and vermicompost+microbially-inoculated biochar (VB+).   
Means without a letter in common are significantly different for that measurement 
(p ≤ 0.05). Values in parenthesis are one standard error. 
 
Biochar (B) amendment resulted in greater pepper shoot length relative to the 
control and all vermicompost treatments (V, VB and VB+) in soil AZ, but not in W 
or AC (Table 3.3). Vermicompost (V) and vermicompost + biochar (VB) resulted 
in lower shoot length relative to the control in soil W, but not in AZ or AC. There 
were no significant differences in root length between any of the treatments in 


















Table 3.3. Mean shoot and root length (cm) values for Capsicum annuum. Soils 
examined include Wawaka (W), Ayrshire and Zipp (AZ) and Ayrshire and 
Conotton (AC). Treatments include control (C), pasteurized (P), ground biochar 
(B), microbially-inoculated biochar (B+), vermicompost (V), 
vermicompost+ground biochar (VB) and vermicompost+microbially-inoculated 
biochar (VB+).   
Means without a letter in common are significantly different for that measurement 
(p ≤ 0.05). Values in parenthesis are one standard error. 
 
In soil AC, biochar (B+) had lower shoot dry weight than the control, pasteurized, 
biochar (B), and vermicompost + biochar+ (VB+) treatments (Table 3.4). All 
vermicompost treatments (V, VB and VB+) had lower shoot dry weight relative to 
the control, pasteurized and biochar treatments in soil W and AC, while only V 
and VB treatments had lower shoot dry weight relative to the control, 
pasteurized, biochar (B+), and vermicompost + biochar + (VB+) treatments in soil 
AC.  
 
Biochar (B) resulted in greater root dry weight relative to the control, biochar (B+) 
and all vermicompost treatments (V, VB and VB+) and was not different from the 
pasteurized treatment in soil AZ, but not in soil W and AC (Table 3.4). 
Pasteurization resulted in greater root dry weight relative to the control in the AZ 
and AC soils, but was lower in the W soil. All vermicompost treatments (V, VB 
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and VB+) had lower shoot dry weight relative to the control in soil W, but not in 
soil AZ. In contrast, vermicompost (V) and vermicompost + biochar (VB+) 
treatment had greater root dry weight relative to all other treatments except the 
pasteurized treatment in soil AC.   
 
Table 3.4. Mean shoot and root weight (g) values for Capsicum annuum. Soils 
examined include Wawaka (W), Ayrshire and Zipp (AZ) and Ayrshire and 
Conotton (AC). Treatments include control (C), pasteurized (P), ground biochar 
(B), microbially-inoculated biochar (B+), vermicompost (V), 
vermicompost+ground biochar (VB) and vermicompost+microbially-inoculated 
biochar (VB+).   
 
Means without a letter in common are significantly different for that measurement 
(p ≤ 0.05). Values in parenthesis are one standard error. 
 
 
3.3.2 Root vigor and oomycete root Infection 
Neither biochar treatment influenced root vigor ratings relative to the control in 
any soil evaluated (Table 3.5). All vermicompost treatments (V, VB and VB+) had 
lower root vigor than the pasteurized and biochar (B) treatment in soil AZ, and 
the control, pasteurized and both biochar treatments in soil AC. Pasteurization 




Table 3.5. Mean root vigor (1-8) in Capsicum annuum. Soils examined include 
Wawaka (W), Ayrshire and Zipp (AZ) and Ayrshire and Conotton (AC). 
Treatments include control (C), pasteurized (P), ground biochar (B), microbially-
inoculated biochar (B+), vermicompost (V), vermicompost+ground biochar (VB) 
and vermicompost+microbially-inoculated biochar (VB+).   
 
Means without a letter in common are significantly different for that measurement 
(p ≤ 0.05). Values in parenthesis are one standard error. 
 
Soils amended with biochar (B+) resulted in lower oomycete root infection 
relative to the control in the AZ and AC soils, but not in W (Table 3.6). 
Vermicompost + biochar (VB) had lower root infection relative to the control in 
soil AC, and vermicompost + biochar+ (VB+)  had lower root infection relative to 




















Table 3.6. Mean root infection (%) by Phytophthora and Pythium in Capsicum 
annuum. Soils examined include Wawaka (W), Ayrshire and Zipp (AZ) and 
Ayrshire and Conotton (AC). Treatments include control (C), pasteurized (P), 
ground biochar (B), microbially-inoculated biochar (B+), vermicompost (V), 
vermicompost+ground biochar (VB) and vermicompost+microbially-inoculated 
biochar (VB+).   
 
Means without a letter in common are significantly different for that measurement 
(p ≤ 0.05). Values in parenthesis are one standard error. 
 
 
3.3.3 Soil Microbial Analyses 
Biochar (B+) and vermicompost + biochar+ (VB+) resulted in lower soil oomycete 
populations relative to the control in the AZ and AC soils, and these treatments 
were not different from the pasteurization treatment in the AC soil (Table 3.7). In 
contrast, the vermicompost + biochar+ (VB+) had greater soil oomycete 
populations in soil M. Biochar (B) did not influence soil oomycete populations in 















Table 3.7. Mean colony-forming units of Phytophthora and Pythium per gram wet 
soil (CFU/g). Soils examined include Wawaka (W), Ayrshire and Zipp (AZ) and 
Ayrshire and Conotton (AC). Treatments include control (C), pasteurized (P), 
ground biochar (B), microbially-inoculated biochar (B+), vermicompost (V), 
vermicompost+ground biochar (VB) and vermicompost+microbially-inoculated 
biochar (VB+).   
 
Means without a letter in common are significantly different for that measurement 
(p ≤ 0.05). Values in parenthesis are one standard error. 
 
Biochar (B) resulted in lower FDA activity relative to the control in all three soils, 
whereas biochar (B+) had lower FDA activity relative to the control in soil AZ, but 
not soil W or AC (Table 3.8). Vermicompost had lower FDA activity relative to the 
control in soil AZ, and vermicompost + biochar (VB) had lower FDA activity 
relative to the control in the AZ and AC soils. In contrast, vermicompost + 
biochar+ (VB+) had greater FDA activity relative to the control and other 
treatments in soil AZ, had greater FDA activity relative to all other treatments 
except the control in soil AC, and had greater rates than the pasteurized, biochar 
(B) and vermicompost treatment in soil W. The pasteurized significantly had 
lower FDA activity relative to all treatments in AZ and AC soils, and all treatments 










Table 3.8. Mean fluorescein diacetate hydrolysis (µg/g dry soil). Soils examined 
include Wawaka (W), Ayrshire and Zipp (AZ) and Ayrshire and Conotton (AC). 
Treatments include control (C), pasteurized (P), ground biochar (B), microbially-
inoculated biochar (B+), vermicompost (V), vermicompost+ground biochar (VB) 
and vermicompost+microbially-inoculated biochar (VB+).   
 
Means without a letter in common are significantly different for that measurement 
(p ≤ 0.05). Values in parenthesis are one standard error. 
 
 
3.3.4 Soil Analyses:  Inorganic Nitrogen Concentration 
Both biochars and the pasteurized treatment resulted in lower soil nitrate+nitrite 
relative to the control in soil AC, but not in soil W or AZ (Table 3.9). All 
vermicompost treatments (V, VB and VB+) had lower nitrate+nitrite relative to the 


















Table 3.9. Mean total N nitrate (NO3-) and nitrite (NO2-) concentration (µg N/g dry 
soil). Soils examined include Wawaka (W), Ayrshire and Zipp (AZ) and Ayrshire 
and Conotton (AC). Treatments include control (C), pasteurized (P), ground 
biochar (B), microbially-inoculated biochar (B+), vermicompost (V), 
vermicompost+ground biochar (VB) and vermicompost+microbially-inoculated 
biochar (VB+).   
Means without a letter in common are significantly different for that measurement 
(p ≤ 0.05). Values in parenthesis are one standard error. 
 
Biochar (B+) resulted in lower ammonium concentration relative to the control in 
soil W, but not in soil AZ or AC (Table 3.10). All vermicompost treatments (V, VB 
and VB+) had lower ammonium concentration relative to the control, pasteurized 
and biochar treatments in all soils examined. Vermicompost + biochar (VB) had 
lower ammonium concentration relative to the vermicompost treatment in all 


















Table 3.10. Mean ammonium (NH4+) concentration (µg N/g dry soil). Soils 
examined include Wawaka (W), Ayrshire and Zipp (AZ) and Ayrshire and 
Conotton (AC). Treatments include control (C), pasteurized (P), ground biochar 
(B), microbially-inoculated biochar (B+), vermicompost (V), 
vermicompost+ground biochar (VB) and vermicompost+microbially-inoculated 
biochar (VB+).   
 
Means without a letter in common are significantly different for that measurement 
(p ≤ 0.05). Values in parenthesis are one standard error. 
 
 
3.3.5 Soil Analyses:  pH and Electrical Conductivity (EC) 
Biochar (B+) resulted in greater soil pH relative to the control in W and AC soils, 
but not AZ, and biochar (B) had greater soil pH relative to the control in soil W 
only (Table 3.11). All vermicompost treatments (V, VB and VB+) had greater pH 


















Table 3.11. Mean pH values. Soils examined include Wawaka (W), Ayrshire and 
Zipp (AZ) and Ayrshire and Conotton (AC). Treatments include control (C), 
pasteurized (P), ground biochar (B), microbially-inoculated biochar (B+), 
vermicompost (V), vermicompost+ground biochar (VB) and 
vermicompost+microbially-inoculated biochar (VB+).   
 
Means without a letter in common are significantly different for that measurement 
(p ≤ 0.05). Values in parenthesis are one standard error. 
 
Both biochar amendments resulted in lower soil EC relative to the control in soil 
W and AC, but not in soil AZ (Table 3.12). All vermicompost treatments (V, VB 
and VB+) had lower EC values relative to all other treatments in all soils 
examined. Vermicompost + biochar+ (VB+) had greater soil EC than 




















Table 3.12. Mean EC values (mS/cm). Soils examined include Wawaka (W), 
Ayrshire and Zipp (AZ) and Ayrshire and Conotton (AC). Treatments include 
control (C), pasteurized (P), ground biochar (B), microbially-inoculated biochar 
(B+), vermicompost (V), vermicompost+ground biochar (VB) and 
vermicompost+microbially-inoculated biochar (VB+).   
Means without a letter in common are significantly different for that measurement 





Biochar and vermicompost amendments have potential to improve soil quality, 
suppress pathogens and increase crop productivity. In our studies, amending 
field soils infested with Phytophthora capsici with biochar amendments had little 
impact on pepper productivity, with the exception of greater shoot length and dry 
weight in response to the biochar (B) amendment in soil AZ. This differs from 
previous studies that have observed increased shoot and root biomass in soils 
that received biochar applications (Jaiswal et al., 2014; Laird et al., 2010; 
Lehmann et al., 2011; Watts et al., 2005). However, recent studies evaluating 
impacts of biochar amendments on specialty crop productivity in temperate 
climates have also not observed significant responses in crop productivity (Nair 
et al., 2012; Mukome et al., 2013). In studies where biochar has increased crop 
productivity, researchers have also observed dramatic changes in soil properties. 
For example, biochar can increase cation exchange capacity (CEC) and surface 
sorption of positively charged macro nutrients as a result of their large negatively 
charged surface area which leads to greater plant available nutrients in the root 
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zone (Glaser et al., 2002; Laird, 2008; Lehmann & Joseph, 2009). While such 
beneficial impacts of biochar on soil properties have been demonstrated in 
multiple studies, these benefits and corresponding increases in crop productivity 
are likely to depend strongly on soil type. Degraded soils with low cation 
exchange capacity, such as those commonly occurring in tropical ecosystems, 
are likely to benefit from biochar additions by increasing soil nutrient and water 
holding capacity, resulting in greater crop productivity. In contrast, soils in 
temperate regions which already contain high cation exchange capacity are less 
likely to experience drastic changes in soil chemical properties as a result of 
biochar amendments, and in some cases these amendments may even reduce 
crop productivity in response to nitrogen immobilization.  
 
Nitrogen was not intended to be a limiting factor in our trials because we wanted 
to focus on biological interactions. Results of SPAD and soil nutrient analyses in 
soils receiving Osmocote application indicate that nitrogen was not limiting. 
However, we did observe potential nitrogen immobilization in response to biochar 
(B+) in one of the three soils which indicates that this could potentially be a 
limiting factor in some soils. This correlates with previous studies that have also 
shown potential for soils receiving biochar applications to sorb nutrients including 
NH4+ (Cabrera et al., 2014; Ding et al., 2010; Van Zwieten et al., 2010). Further 
evidence of potential nutrient immobilization in our trials was indicated by lower 
EC in response to both biochar treatments in soil AC. This corresponds with 
studies that have shown that the negative surface charge of biochar 
amendments can sorb cations such as NH4+ and reduce electrical conductivity 
levels in soils (Lehmann & Joseph, 2009; Van Zwieten et al., 2010).   
 
Vermicompost amendment reduced pepper productivity in all soils with and 
without biochar amendments, but the magnitude of the potential impact differed 
between the soils tested and in some cases depended on the type of biochar 
applied. For example, in soil AC, the vermicompost + biochar+ (VB+) improved 
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root dry weight relative to the control. In other studies, vermicompost has been 
observed to provide a labile supply of nitrogen for plant uptake (Spokas et al., 
2012; Taghizadeh-Toosi et al., 2012). However, in our study, the vermicompost 
appeared to provide little soil nitrogen and the plants were clearly deficient in 
nitrogen as indicated by dramatically lower SPAD values, and soil nitrogen 
concentrations. Interestingly, adding biochar (B) to all three soils amended with 
vermicompost reduced ammonium availability relative to soils receiving only the 
vermicompost amendment, but biochar (B+) did not. This highlights the potential 
for some biochar amendments to sorb nutrients, especially when conditions are 
limiting (Spokas et al., 2012; Taghizadeh-Toosi et al., 2012). Another factor that 
may have reduced pepper productivity in response to vermicompost 
amendments is their potential to cause salt stress in sensitive crops. While EC 
values in vermicompost treatments were low relative to treatments that received 
Osmocote in our trials, other studies have shown reductions in crop growth in 
response to vermicompost amendments, especially in salt sensitive crops like 
pepper (Herlihy et al., 2014). However, like all compost amendments, 
vermicompost properties will depend on feedstock and processing conditions. In 
addition, while the vermicompost we applied did not provide sufficient plant 
available nitrogen for peppers, it did provide other benefits as outlined below. We 
conclude that soils receiving this vermicompost will need additional fertilizer to 
provide sufficient plant available nitrogen.    
 
Biochar and vermicompost amendments significantly altered soil pH. 
Interestingly, biochar (B+) increased soil pH in the two soils with existing soil pH 
< 6.0, but not in the soil with a pH of 6.71. In contrast, biochar (B) increase pH in 
only one of the lower pH soils, which highlights the fact that all biochars are not 
created equally nor will they have equal impacts on soil properties. 
Vermicompost amendment increased pH in all soils, regardless of whether it 
what combined with either biochar amendment. These findings correlate with 
previous studies that have demonstrated that biochar and vermicompost can 
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increase soil pH (Jack & Thies, 2006; Lehmann & Joseph, 2009). Increasing pH 
in acidic soils can reduce the solubility of metals that are toxic to plants, and 
improve beneficial microbial consortia that function optimally in neutral pH (Park 
et al., 2011; Thies & Rillig, 2009). It appears that the liming effect of biochar 
results from fewer cations in solution and lower electrical conductivity levels 
(Lehmann et al., 2006; Novak et al., 2009; Thies & Rillig, 2009). Reducing 
cations in solution can also lead to potential sorption of NH4+ and thus reduced 
nitrogen leaching from soil. Soils in Indiana often require application of lime to 
increase soil pH to neutral levels where nutrients are plant available. Therefore, 
application of biochar and vermicompost amendments have potential to reduce 
costs associated with lime application and reduce the negative environmental 
effects of nitrogen fertilization.  
 
While biochar and vermicompost amendments did not have a dramatic influence 
on plant productivity, our results indicate that they do have significant potential to 
alter soil microbial dynamics and suppress oomycete pathogens like P. capsici. 
Biochar (B+) amendment alone, and vermicompost + biochar+ (VB+), 
significantly reduced soil oomycete populations relative to the control in AZ and 
AC soils, and were not different from the pasteurized treatment in soil W, 
suggesting potential synergistic benefits of employing these two amendments in 
combination. Biochar (B+) also reduced oomycete root infection in these two 
soils, but not in vermicompost + biochar+ (VB+). Lack of a reduction in root 
infection in the VB+ treatment may have resulted from lower crop productivity in 
treatments receiving vermicompost amendments, which could have increased 
their susceptibility to infection. Interestingly, soils AZ and AC had higher initial 
oomycete populations than soil W, where biochar (B+) did not reduce soil 
oomycete population or reduce root infection. Biochar and vermicompost 
amendments have been shown to suppress pathogens in other studies and a 
variety of potential mechanisms have been suggested for their suppressive 
activity (Ameloot et al., 2013; Elad et al, 2011; Graber et al., 2010; Jack, 2010; 
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Kolton et al., 2011; Zwart & Kim, 2012; Jack, 2010). For example, biochar 
amendments could induce systemic resistance, improve nutrient availability 
leading to stronger plants, stimulate beneficial microbes with plant growth 
promoting and/or antagonistic capability, and release chemical elicitors such as 
salts and organic compounds that disrupt pathogen activity (Elad et al., 2010; 
Graber et al., 2010). Another potential mechanisms that could induce 
suppressive activity relates to residual tars in biochars that contain organic 
compounds such as ethylene. When found in low concentrations, these 
compounds have been found to aid in seed germination, enhance growth of 
beneficial microorganisms, and exhibit biocidal properties (Amonette & Joseph, 
2009; Elad et al., 2010; Schnitzer et al., 2008). Disease suppressive effects of 
vermicompost are thought to result from changes in microbial activity, either by 
enhancing beneficial species that antagonize pathogens or induce systemic 
resistance, or indirectly via their nutrient contribution which enhances plant 
growth (Abduli et al., 2013; Bonhotal & Jack, 2010; Jack, 2012).   
 
While our studies confirm the potential disease suppressive effects of biochar 
and vermicompost amendments, we also show that this activity depends on the 
type of biochar applied, as well as the resident soil microbial composition. Neither 
biochar amendment reduced soil oomycete populations in soil W on its own, 
whereas vermicompost + biochar+ (VB+) increased populations relative to the 
control. Interestingly however, this was the only treatment to reduce oomycete 
root infection relative to the control in soil W, indicating that there are some 
suppressive benefits of this amendment in this soil. Other researchers have also 
found that the suppressive effects of biochar depend on the type of biochar 
applied (Jaiswal et al., 2014). These authors suggest that disease suppression 
effects of biochar are feedstock and concentration dependent, and that 




Soil FDA activity is commonly used to assess disease suppressive activity due to 
its strong correlation in multiple studies (Bonanomi et al., 2010). In our trial, 
greater FDA activity was observed in treatments receiving vermicompost + 
biochar+ (VB+) in all three soils which did correlated with lower soil oomycete 
populations in soil AZ and AC, and lower root infection in soil W. However, lower 
soil oomycete populations and lower root infection were not correlated with 
greater FDA activity in soils receiving the biochar (B+) amendment alone. This 
suggests that we may have seen greater reductions in root infection in VB+ 
treatments if nutrients and other potential factors were not limiting in these 
studies. Because of the potential synergistic benefits of biochar and 
vermicompost, we conclude that future trials employing lower rates of 
vermicompost and supplemental nutrients should be tested for their potential to 
suppress oomycete pathogens. Interestingly, FDA was reduced in all soils 
receiving the biochar (B) amendment, and two of the soils receiving the 
vermicompost + biochar (VB) treatment. We suspect that this biochar 
amendment may have sorbed substrates used in the assay resulting in the lower 
levels of FDA activity. Other studies have demonstrated that biochar can 
increase solid-phase sorption of the chemicals used in enzyme assays, limiting 
their effectiveness to determine impacts of biochar amendments on soil microbial 
activity (Bailey et al., 2011; Swaine et al., 2013). However, this depended on the 
type of biochar applied, as well as soil type, which is consistent with our findings. 
Bailey et al. (2011) suggest that fluorescent enzyme assays should be used in 
studies with biochar, as sorption is not as great in these assays as it is with 
colorimetric enzyme assays.  
 
3.5 Conclusions 
Our results indicate that amending field soil with 3% (w/v) biochar can reduce 
disease severity of P. capsici in pepper transplants. In addition, we have shown 
potential synergistic benefits of biochar and vermicompost on pathogen 
suppression. However, like other studies, we conclude that the suppressive 
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activity of these amendments depends on the type of biochar applied, as well as 
soil type. While our results confirm findings of studies demonstrating the potential 
for these amendments to suppress pathogens, our data do not explicitly support 
or negate potential mechanisms. Further studies investigating underlying 
mechanisms of pathogen suppression are recommended. Studies evaluating 
various feedstocks, production parameters, and application rates are also 
recommended to develop this as a practical strategy for suppressing plant 
pathogens. Finally, these studies should be conducted using multiple pathogens, 
and include investigation into the role that resident soil microbial community 
















CHAPTER 4. DEVELOPING A BIOASSAY FOR P. CAPSICI IN PEPPER 
4.1 Introduction 
Conducting research on soil-borne pathogens is difficult in field settings. 
Researchers often try to inoculate field soils with pathogens at levels conducive 
to disease development, however pathogens may not colonize effectively due to 
soil and environmental conditions. An alternative method of studying soil-borne 
pathogen dynamics is on-farm trials where the pathogen has naturally developed 
and is prevalent in the field. However, on-farm trials are also challenging 
because of the need to maintain untreated control treatments. These untreated 
control treatments can be harmful to long-term soil and crop health, and reduce a 
grower’s income.   
 
An alternative approach for conducting research on soil-borne pathogens is to 
collect naturally infested field soil for use in greenhouse trials where alternative 
treatments can be tested in a controlled environment. However, pathogen 
populations may not be at levels high enough to induce adequate disease 
development in control treatments, obscuring potential treatment effects. 
Therefore, the objective of this experiment was to isolate a virulent isolate of P. 
capsici, and identify a method to increase this isolate for use as an inoculant in 







4.2 Materials and Methods 
4.2.1 Methods for P. capsici Isolation 
Phytophthora capsici isolates were isolated from field soil and infected fruit tissue 
collected from fields with recent outbreaks using media selective for 
Phytophthora, PSSM (Mazzola et al., 2001) amended with hymexazol (65 mg L-1 
media). Colonies isolated from soil and infected plant tissue were further purified 
by transferring agar plugs from the outer edge of actively growing colonies onto 
potato dextrose (PDA) plates (Difco, Detroit, MI).   
 
4.2.2 DNA Extraction and Sequencing 
Agar plugs containing single colony isolates growing on PDA were transferred to 
a 1/5th PDA broth (5 ml) in 45 degree slant test tubes. Tubes were incubated at 
27 °C and shaken at 350 rpm for 72 hours. Mycelial plugs were then subjected to 
freeze-thaw cycles with liquid nitrogen, and ground with mortar and pestle. 
Ground mycelia was then used for DNA extraction. DNA was extracted using the 
MOBIO Power Soil DNA Extraction kit (MOBIO Laboratories, Carlsbad, CA, 
USA) according to the manufacturer’s protocol. The concentration of DNA from 
mycelia was measured with a spectrophotometer at 260 nm (Nanodrop). 
 
DNA extracted from isolates were amplified by PCR using Phytophthora specific 
primers (FMPhy primers), which included one forward 
(5′AAAAGAGAAGGTGTTTTTTATGGA3′) and one reverse primer 
(5′GCAAAAGCACTAAAAATTAAATATAA3′). PCR reactions were performed in a 
total volume of 25 μL containing 10 μL DNA, 2.5 μL of Taq buffer, 0.5 μL of 
dNTPs, 0.5 μL of each primer (Integrated DNA Technologies, Coraville, IA), 0.2 
μL of Taq DNA polymerase (New England Biolabs) and 10.8 μL of nuclease-free 
water. The PCR reactions were performed in a programmable thermal cycler 
(Bio-Rad T100) starting with 9 min initial denaturation at 94 °C, followed by 35 
cycles at 95 °C for 60 s, annealing at 45 °C for 45 s, and extension at 72 °C for 
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60 s, and a final extension step of 7 min at 72 °C. PCR products were visualized 
by electrophoresis in 1% (w/v) agarose gel in 1X Trisborate-EDTA buffer and 
stained with ethidium bromide (1.5 ml). Amplified products were sent to 
Macrogen (Rockville, MD) for sequencing. DNA sequence similarity searches 
were made using the BLAST database at NCBI (National Center for 
Biotechnology Information http://blast.ncbi.nlm.nih.gov/Blast.cgi) with similarity 
scores higher than 98% for P. capsici.   
 
4.2.3 Virulence Testing  
Pathogenicity of two P. capsici isolates were determined by placing pieces of 
actively growing mycelia on mature bell peppers (Capsicum annuum ) and 
observing disease symptoms following methods described in Granke et al. 
(2012). Bell peppers were purchased from a local source and surface disinfested 
with a 10% sodium hypochlorite solution, rinsed in deionized water and air-dried. 
Agar plugs (~ 5 mm diameter) of actively growing P. capsici on V-8 juice agar 
(V8A, Jung and Burgess, 2009) were used for inoculations. Wounds (~ 2 mm 
deep X ~ 2 mm wide) were created on opposite sides of each pepper using a 
sterilized dissecting knife prior to inoculation with agar plugs placed over each 
wound. Sterile V8A plugs were placed onto three peppers with identical wounds 
as a control to ensure that peppers were not previously infested with P. capsici. 
Agar plugs were then covered with 12 mm screw caps (interior diameter ~ 8 mm) 
and affixed to peppers with petroleum jelly (Figure 4.1., A). Peppers were placed 
in clear polystyrene boxes with lids (23 X 10 X 32 cm, Potomac Display, 
Hamstead, MD). Boxes contained sterilized, wet paper towel to maintain humidity 
at ~ 22 °C for eight days under constant fluorescent lighting. There were three 
replicates per treatment. Containers were checked every three days to ensure 
that paper towels were moist and deionized water was added in sterile conditions 




Two peppers inoculated with P. capsici isolates exhibited disease symptoms 
(large lesions/rotting tissue) (Figure 4.1., B), whereas the control treatments did 
not. Tissue removed from wounds on control peppers was plated onto PSSM-
amended PDA plates to confirm that peppers were not previously infested with P. 
capsici. Pathogenicity of isolates on peppers that exhibited disease symptoms 
was confirmed based on similar lesion patterns and morphological characteristics 
of mycelia growth per Koch’s postulate. 
 
 
Figure 4.1. Capsicum annuum with agar applied to wounds and affixed with 
petroleum jelly (A). Capsicum annuum exhibiting disease symptoms from P. 
capsici agar plug (B). 
 
 
4.3 Storage of Isolate in Glycerol 
P. capsici isolates were stored in glycerol to maintain virulence for future use 
using methods outlined by the Department of Microbiology, TUM, Germany, 
2013. Sterile (autoclaved) 50% glycerol solution was prepared using distilled 
water. Prior to preparing aliquots of 50% glycerol solution, a magnetic bar was 
added and the solution heated using a magnetic stirrer. After heating, 300 μL of 
glycerol solution was pipetted into 2 ml cryotubes with screw caps and 
autoclaved. Biomass from isolates growing on PSSM media and in an 
exponential growth phase, were scraped from agar plate with a sterile inoculation 
loop and dissolved in sterile 1/5th PDA broth liquid medium. Liquid medium was 




the final concentration was between 10-15% glycerol. For example, 2 ml 
cryotubes with 300 μl of 50% glycerol solution was added to 700 μl liquid sample. 
Aliquots were then vortexted and placed at -80 °C.   
 
4.4 Methods for Growing Inoculum 
 
Moist oats were amended with V-8 juice agar (V8A, Jung and Burgess, 2009). P. 
capsici isolates should be collected from V8A plates growing at room 
temperature and transferred to PSSM-amended V8A plates when needed to 
initiate inoculum production. Inoculum is produced in the V8-oat substrate growth 
medium in glass jars under constant fluorescent lighting (Roiger and Jeffers, 
1991). The medium is obtained by mixing V8 broth (200 mL V8 juice, 800 mL 
deionized water, 2 g CaCO3) with oats (2.0 L). For inoculum production in glass 
jars, PYREX screw cap storage bottles (1L) are filled with 500 mL of the medium, 
inoculated with three plugs of PSSM-amended agar overgrown with P. capsici 
colonies, and sealed with the lid slightly ajar and. The inoculum is then incubated 




Conducting research on soil-borne pathogens in greenhouse trials with naturally 
infested field can be improved by inoculating soil to achieve population levels 
high enough to induce adequate disease development. Once virulent isolates 
have been identified, they should be stored in glycerol because reduced 
virulence of these microorganisms can occur if they are continuously sub 
cultured in vitro. Moist oats amended with V8 juice is a viable method for growing 




CHAPTER 5. GENERAL CONCLUSIONS AND RECOMMENDATIONS 
5.1 General Conclusions 
The studies described in this thesis were designed to identify alternative 
strategies to increase the productivity and sustainability of specialty crop 
enterprises. It was also meant to increase awareness of the need to improve or 
maintain soil quality to optimize organic production systems, and increase 
awareness of the multiple benefits local stakeholders receive by growing organic 
produce using environmentally friendly farming practices. Management strategies 
developed as a result of these trials will provide vegetable growers with 
additional effective and sustainable production options to manage pests and 
increase crop yields. For example, carrot growers could use biochar to improve 
soil quality and increase root biomass, and pepper growers could reduce disease 
incidence by applying biochar and vermicompost amendments. These results will 
lead to innovative agricultural and disease-management techniques for reduced-
input specialty-crop systems in multifaceted agroecosystems, while broadening 
the scope of soil-based applications for climate change mitigation. Results could 
also be used to help develop engineering solutions for ecological systems where 
soil health and crop productivity are at risk due to disease-susceptibility, climate 
change and soil degradation. 
 
In agreement with other studies that have observed increased crop productivity 
as a result of biochar amendments in field trials, our results indicate that biochar 
can increase crop productivity. While we did not observe increased carrot root 
biomass in the second year of our study, environmental factors including hail and 
irrigation damage likely obscured our 
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ability to observe any treatment impacts. In on-going greenhouse trials, we have 
observed increased carrot root biomass in response to biochar amendments 
(data not shown), providing further evidence to support the beneficial effects 
observed in the first year of our trial. Increased root biomass in response to 
biochar amendments may have resulted from improved soil physical, chemical 
and biological properties, leading to increased root penetration to deeper soil 
profiles. While not tested explicitly, increased microbial activity from microbially-
inoculated biochar treatments could also have contributed to increased crop yield 
in these trials.   
 
Consistent with other studies investigating the potential for biochar to reduce 
disease incidence, our studies indicate that biochar can reduce pathogen 
infection and potentially limit Phytophthora blight in field settings. Amendment of 
field soil naturally infested with P. capsici reduced pepper root infection in two out 
of the three soils tested, however, this depended on the type of biochar applied. 
While we confirmed the potential for biochar amendments to reduce pathogen 
populations, our data do not explicitly support or negate potential mechanisms 
suggested in previous studies, and this should be investigated in future trials.   
 
Isolating virulent pathogens for use as inoculum has potential to enhance 
biocontrol trials. Pathogen virulence can vary between plant species, and 
disease symptoms may differ between plant organs evaluated. For example, P. 
capsici isolates that induce lesions on pumpkin fruit may not cause significant 
lesions on young roots. In addition, virulence can be impacted by environmental 
conditions. Therefore, conducting research on soil-borne pathogens in 
greenhouse trials using naturally infested field soils presents many challenges. 
Isolating virulent isolates and testing them on the appropriate plant spp. and 
organs could improve greenhouse trials. However, obtaining virulent isolates 
from field soils is not easy, and such an approach will require extensive soil and 
plant biomass collections from multiple field sites to optimize this approach. 
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Storage of isolates in glycerol is necessary to preserve these cultures, and 
inoculum must be grown on a suitable substrate growth medium to create 
conditions for optimal disease pressure in some soils, especially in greenhouse 
trials.   
 
The broader goal of these studies was to increase awareness of the potential 
benefits of these amendments to improve soil quality and optimize organic and 
low input production systems in Indiana. These studies were also designed to 
benefit local stakeholders who value organic produce and environmentally 
friendly behaviors. Finally, these studies were designed to improve 
understanding of how biochar and vermicompost amendments influence soil 
microbial ecology and vegetable crop production. We believe that management 
strategies developed as a result of these trials will provide vegetable growers 
with additional effective and sustainable production options to manage pests and 
increase crop yields, and achieve our above stated goals. This research will also 
provide innovative agricultural and disease-management techniques for reduced-
input specialty-crop systems in multifaceted agroecosystems while broadening 
the scope of soil-based applications for climate change mitigation. Results will 
help develop engineering solutions for ecological systems where soil health and 
crop productivity are at risk due to disease-susceptibility, climate change and soil 
degradation.   
 
5.2 Recommendations for future research 
In retrospect, several components of these studies could have been altered or 
expanded in order to make the results and conclusions of these studies stronger. 
First, increasing replicates in the greenhouse trial and laboratory assays could 
have reduced treatment variability. Ensuring uniform nutrient levels between all 
treatments could have clarified whether differences (i.e. plant biomass) were 
attributed to the amendments themselves, and not to differences in nutrient 
availability. Oomycete population levels in our soils did not appear to be high 
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enough to induce significant disease pressure, which could have reduced our 
ability to observe treatment effects. Future studies could amend soil with 
inoculum grown in the laboratory to increase disease pressure and potentially 
make the disease suppressive effects of biochar and vermicompost amendments 
more apparent. In addition, using younger pepper transplants could have 
increased our ability to observe disease suppressive effects. Nine-week old 
pepper seedlings might have been too vigorous to succumb to oomycete 
infection.  
 
Additional studies are needed to adequately assess potential synergistic effects 
of biochar and vermicompost in naturally infested field soils. Continuing to 
conduct this research in greenhouse trials will help eliminate environmental 
conditions that could influence treatment effects in field trials, however, long-term 
studies conducted in field settings are also needed to examine the potential for 
these amendments to build soil health, improve beneficial soil microbial activity 
and mitigate pathogens such as P. capsici in field trials if adequate locations can 
be identified. Both field and greenhouse studies that examine the impact of 
biochar on life cycles of soil-borne pathogens should be considered. Further 
studies are also needed to determine the mechanisms responsible for reduced 
pathogenicity of plants receiving biochar and vermicompost amendments. For 
example, are the observed effects due to microbial competition for nutrients, 
microorganisms producing antibiotics that suppress pathogens, interruption of 
chemical signaling between plants and pathogens, induced systemic resistance 
caused by microbes, chemical effects of the amendment, or indirect effects of 
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